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J2WINENCEOFLUBRICANTVZSCOSITYONOPERA!ITNGTEMl?ERATORES

OF 75-~-BORE CUXNOFUCAL-ROIJXRBEARING

ATHIGHSPEEDS

BYE. RredMacks,WilliamJ.Anderson,and
ZoltonN.Nemeth

SuMMAm!

A 75-millimeter-bore(size215)cylindrical-rollkrinner-race-
ridingcage-typebearingwasusedinan experimentalinvestigationof
theeffectofoilviscosityonbearingoperatingcharacteristicsover
a rangeofDN values(bearingboreinmm timesshaftspeedinrpm)from
o*3xlo6to1.2xlo6. Kinematicviscosityattheinlettemperaturesvaried
from1.7to 390centistokes(absoluteviscositiesof2.0X10-7to470X10-7
reyns). .

A previouslydevelopedcooling-correlationanalysiswasetiendedto
includefullytheeffectofvaryinglubricantviscosity.Thisimpr,oved
correlationmakesitpossibletopredicteithertheinner-ortheouter-
racebeuingtemperaturesfromsinglecurvesregardlessofwhetherspeedy
load,oilflow,oilinlettemperature,oilinlet
meter,oranycombinationoftheseparametersis

Minimumbearingtemperaturesresulted(with
flow,andoilinlettemperatureconstant)whena
viscosity-indexoilwasused.

viscosity,oil-jetdia--
variedoverwideranges.

load,DNvalue,oil
lowviscosity,low

Minimumpowerrejectiontotheoil(ata constantbearingtempera-
ture)resultedwhena low-viscosityoilwasintroducedathighinlet
temperatures.

\

Intheviscosityrangeinvestigated,bearingtemperaturesincreased
withincreasingoilviscosityat constantDN,load,andoilflow.A
higheroilflowofa moreviscousoilwasthereforerequiredtomaintain
a constantbearingtemperature.

At a constantbearingtemperature,DN,andload,thepowerrejected
to theoilincreasedwithincreasingoilviscosity.At constantbearing
temperature,DN,andload,andwhena specificoilwasusedforlubri-
cation,themeasuredpowerrejectedtotheoildecreasedwithincreasing
oilinlettemperaturewithintherangeinvestigated.

.. . . — . . . ..—— .—— ..— —. .-— ~. .---- -.-—- --
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.

INTRODUCTION
● !

Theinfluenceofoilviscosityontheeffectivenessof coolingand
lubricatinghigh-speedrolling-contactbearingsisofparticularsignifi-
canceinturbojetandturbopropenginedesign.Notonlymustthehigh-I
speedenginebearingsbe lubricated,buta lsrgeportionofthebearing
heatmustbe removedbythelubricant~theheatabsorbedbythelubricant
must,inturn,be removedtomaintainsafeoperatingtemperatures.In
orderthattheheattobe removedfrqmthelubricantwillbe a m.inimuq
itisdesirablethataslittleheataspossiblebe generatedby shearing
thelubricantintheprocessof coolingandlubricatingthebearings.

.

.

Theinformationavailableintheliteratureonthebesringcooling
effectivenessandtheheatabsorptioncharacteristicsoflubricantsas
functionsoflubricantviscosity-dealswithbearingperformanceat
relativelylowspeeds.Theresultsthereforecannotbe appliedtothe
solutionofbearingproblemsinaircraftgas-turbinesbecauseofthehigh
operatingspeeds.The-effectofverylowoilflowsonfrictiontorqueis
reportedinreference1. Theeffectsofhigheroilflowsonfriction
torqueareconsideredinreferences2 and3. Informationontheeffect
ofoilviscosityandoilflowonoperatingtemperatures,frictiontorque,
andpowerdissipatedatlowspeedsis containedinreferences4 to 6.

High-viscosityoilsarepreferredforlubricatinggearsbecauseof
%

the~eaterload-carryingcapacity.InmanYinstances,however,theuse
ofhigh-viscosityoilsaslubricantsforaircraftgas-turbineenginesis
prohibitedby thewidetemperaturerangesoverwhichtheseoilsmust

“

functionaslubricantsandcoolants.Whetherornota specificoilmay
beuseddependsonwhetheritispumpableatthelow-temperaturelimito:
ojerationandonwhetheritshigh-temperaturestabilityis satisfactory.

If oilis suppliedtoabearingthrougha singlesmall-diameterjet
normaltothebeari~faceanddirectedatthecage-locatingsurface,a
portionoftheoilwildbe deflectedanda portionoftheoilwillbe
transmittedthro@hthebearing(reference7). Thedeflectedoilserves
morespecificallyasa coolantthanasa lubricant.(Asmallamountof
oilmayenterthebearingandthenetitonthedeflected-oilside.)The
oiltransmittedthroughthebearingservesbothtolubricateandto cool
thebetiing;inaddition,itmayle a sourceofheatdueto churning.
Thetotalheatrejectedtotheoil(fora specificbearing,DN,andload)
asaffectedby oilinletviscosity,oilinlettemperalnire,andoilflow
isimportanttotheenginedesigner.

Thisinvestigationwasconductedto studytheeffectsofoil
viscosityontheoperatingcharacteristicsofM@-speed rollerbearings.

.

Inparticular,”theeffectsofoiltiscosity,oilflow,andoilinlet
temperatureonbearhg-operatingtemperatureandpowerrejectedto the
oilarereportedherein.Theeffectsofoilflowandoilinlettempera-
tureonbesring-operatingtemperaturehavebeenstudied(references7 to
9)witha singlemedium-viscosityoil(oilC ofthisreport).According

L—.—. - . -–—- . . .— . - —— — ..-— ..__ .—- .
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totheresultsofthepresent’investigation,useoflow-viscosityoils
wouldhaveresultedinlowerbearingtemperatures.Thesignificantwork
remainingconsistsinaninvestigationoftheeffectsofoilviscosity
onfatiguelifeandpossiblyonbearingbreakdownload.A preliminary
investigationoftheeffectofoilviscosityon fatiguelifeisrepmted
inreference6 buttheresultsarenotconclusive.

A cylinhical-roll.erbearing(size215)currentlyusedasthe
turbine-rollerbearinginanaircraftgas-turbineenginewasusedas

, thetestbearingforthisinvestigation.Thecontrolledvariablesin
“, thisinvestigationwere: load>368pounds;DIV(bearin&boreinmm

multipliedbyshaftspeediqrpm),o.3x1o6to 1.N06; andoilflow,
1.8to9 poundsperminute.Fivedifferentoilswereusedintheinves~i-

$ gationin orderto givea tideviscosityrange.Kinematicviscosities
attheinletto thetestbearingyariedfrom1.7to 390centistokes

‘:
(absoluteViscositiesfrom2.~0-7 to 47~()-7reyns)atoilinlet
temperaturesoflCX1°and205°F.

High-speedrolling-contactbearingsinaircraftgas-turbineengines
arecurrentlylubricatedwithanoilsimilarto oilB ofthisinvesti-
gation.Theoperatingconditionsimposedonthistjypeofbearingin
actualengineserviceareasfollows:DN,0.3X106to0.86X106,approxi-
mategravityload,375poundsjandoilflow,0.8to 2 poundsperminute.

ThisinvestigationconductedattheNACALewislaboratory,isa
continuationoftheworkreportedinreferences7 to 9:

.

AJ?PARATUS

Bearingrig.-Thebearingrig,(fig.1)usedforthisinvestigation
isthesameasthatusedidreferences7 to 9. The’bearingunderinvesti-
gationwasmountedononeendofthetestshaft,whichwas.supportedin
cantileverfashioninorderto observebearingcomponentpsrtsand
lubricantflowduringoperation.A radialloadwasappliedtothetest
bearingby meansofa leveranddead-weightsystemin sucha mann& that
theouterraceofthetestbearing*S essentiallyunaffectedlysma13
shaftdeflectionsorby smallshaftandload-armmisalinements..

‘l?hesupportbeariugswerelubricatedinthemannerdescribedin
reference8. Oilwassuppliedtothesupportbearingsata pressureof
10poundspersquareinchthrough0.180-inch-diameterjets,andata
temperatureequalto thatoftheoilsuppliedtothetestbeariug
(either100°or2050F).

Thedriveeqtipmentisdescribedinreference8. Thespeedrange
ofthetestshaftis800to50)000rpm.

6
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.

Testbearing.- Onetestbearing(size215)wasusedforthis I
investigation.Thehearingdimensionswere: bore,75millimeters;
outsidediameter,130millimeters;andwidth,25millimeters.The

*,

beariugwasequi~pedwitha one-pieceinner-race-ridingcagethecompo-
sitionofwhichwascopper,61percent;zinc,38percent,andlead,
1 percent. * ii

I Temperaturemeasurement.- Themethodoftemperaturemeasurement w’

is describedinreference8. Iron-constantanthermocoupleswerelocated
at 60°intervalsaroundtheouter-raceperipheryatthetial center
lineofthebearingunderinvestigation.A copper-constantanthermo- 1
couplewaspressedagainsttheboreoftheinnerraceattheaxialmid-

1 pointofthetestbearing;thethermocoupleelectromotiveforcewas
transmittedfromtherotatingshaftby meansof smallslipringslocated
ontheendofthetestshsft(reference10).

Lubricationsystem.- Thegeneralmake-upofthelubricationsystem
wasthesameasthatdescribedinreference8 exceptforchangeswhich
weremadeto increasetheupperUmit oftheoil-supplypressuretothe
testbearingfrom90to400poundspersquareinch.

Oilshieldswereaddedtobothsidesofthetestbearingsothat
boththedeflectedandthetransmittedoilcouldbecollectedand
weighed.Oilflowto thetestbearingwasdeterminedby calibrated
rotameters.

.
PROCEDURE

Lubricationoftestbearing.- Lubricantwassuppliedtothetest
bearingthrougha singlejetof0.050-inchdiameter.The’jetwasof
thetype-Bdesignusedinreference9. Theoilwasdirectednormalto
thebearingfaceandatthespacebetweenthecageandtheinnerrace
diametricallyoppositetheloadzone.

FiveoilsdesignatedhereinasoilsA,B, C,D, andE wereusedto
lubricatethetestbearing.OilC wasusedinreferences7 to 9. The
propertiesofthefiveoilsaregivenin figure2. OilsA,B, D, andE
werehighlyrefinednonpolymer.containingpetroleum-baselubricatingoils.
OilC wasa commerciallypreparedblendofa highlyrefinedparaffinbase
witha smallpercentageofpolymeraddedto improvethetiscosityindex.

Dataforfigure2 (viscositycurves)wereobtainedbytaking
severalsamplesof eachoilused.A samplewastakenatthestartof
eachoilrun,atthestartof eachdaytsrun,andattheconclusionof
allthetestsmadewitha specificoil. Viscositieswereobtainedby
standardlaboratoryproceduresandthedataplottedinfigure2
representthetianforallthesamplesofeachoil. ThevariationIn
viscosityforeachofthefiveoilsasfoundinthelaboratorytestsis
givenintableI.

—— —. .—._
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Whentestsofoneoilwerecompletedtheoilsystemwaspumpedand
draineddry;itwasthenthoroughlyflushedanddrainedtwicewithclean
Vsrsol.A quantityoffreshtestoilwasthencirculatedthroughthe
systemandallowedto draincompletely.Thetestoilma thenintroduced
to thesystem.

Theoilsweresuppliedtothetestbesringattemperaturesof100°
and205°F andatpressuresoffrom20to400poundspersquareinch,
whichcorrespondedtooilflowsoffrom1.8to 9 poundsperminute.

Test-bearing“measurements.- Thetest-bearingmeasurementswere
obtainedinthemannerdes~ribedinreference8 andaregivenintableII.

RESUZTSANDDISCUSSION

Theresultsoftheexperimentalinvestigationarepresentedin
figures3 to 9. As inreferences7 to 9,bearingtemperaturewas
chosenastheprincipalcriterionofoperationbecauseitgivesa good
indicationoftheeffectsofalltheoperatingvariables.

DN Value

Effectof DNonoperatingtemperatures.- TheeffectofDNon
theouter-race-msximumandinner-racetemperaturesis showninfig-
ure3 forfiveoilsata loadof 368pounds,anoilflowof 2.75pmnds
perminute,andoilinlettemperaturesof 100°and2050F. Theouter-
race-maximumandinner-racetemperaturesobtainedwereapproximately
linearfunctionsofDN forallfiveoilsandthebearingtemperatures
ata givenDNvalueincreasedwithincreasingoilviscosity.

Thetotalspreadinbesringtemperatureswasgreaterata given
DN foran oilinlettemperatureof100°F (fig.3(a))thanforanoilQ
inlettemperatureof2050F (fig.3(b)).Theseresultsareconsistent
inthatthespreadinviscositiesofthefiveoilsisgreaterat100°
thanat205°F. TheviscosityindicesofoilsA,B, D, andE are
approximatelythesameandthecurvesfortheseoilsatbothoilinlet
temperaturesshowa generaltendencyto increasein slopewithincreas-
ingoilviscosity.Thistrendmaybe attributedtothefactthatthe
heatgeneratedby churningisa functionnotonlyofviscositybutalso
ofDN. Thus,thedifferenceinheatgeneration(bearingtemperature)
betweenoilsE andA, forexample,increasedwithincreasingDN.

OilC,however,gaveslightlydifferentresultsforbothouter-
race-maximumandinner-racetemperaturesatbothoilinlettemperatures.
Becauseofitshightiscosityindex,’oilC hasa smallerviscosity-
temperaturegradient(seefig.2). Athightemperatures,oilC there-
foreassumesthesameviscosityvaluesasmoreviscousoilswithlower
viscosityindices.

. . —-—--—--. ..—— ——. — . — —.—. .—. —.——-———- .---- --- — .—. . . -- ---- - . ---- -—-
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EffectofDN & oiloutlettemperatures.- TheeffectofDN onoil
outlettemperaturesfordeflectedandtransmittedoilis showninfig-
ure4 fora loadof368pounds,anoilflowof2.75poundsptiminute,
andoilinlettemperaturesofl~o and2050F.

Fromconsiderationsofpowerlossinthebearingandpowerrejected
to theoil,oiloutlettemperaturesofbothdeflectedandtransmittedoil
shouldincreasewit’hincreasingDI?.Reference7 andfigure4 ofthis
reportshowthatsuchisthecase.Thecurvesoffigure4 forallfive
oilssresimilarandoiloutlettemperaturesforbothdeflectedoiland’
transmittedoilareapproximatelylinearfunctionsofDN. Oiloutlet
temperaturesofthetransmittedoilshoweda“greaterspreadthandid
theoiloutlettemperaturesofdeflectedoil.

EffectofDN onratioofdeflectedoilflowto transmittedoil
flow.- TheeffectofDN ontheratioofdeflectedflowtotransmitted
~rwas determinedata loadof368pounds,an oilflowof2.75pounds
perminute,andoilinlettemperaturesof100°and2050F (fig.5). In
general,theratioofdeflectedflowtotransmittedflowincreasedwith
increasingDN.

OilFlow
.

Effectofoil.flowonoperatingtemperature.- Theeffectofoil
flowon theouter-race-maximumandinner-racetemperatures1s.shownin “
figure6 ata DNvalueof 1.2x106~a loadof368&nuds,andoilinlet
temperaturesof 100°and205°F.

At oilinlettemperaturesof100°and205°F, theouter-race-
maximumandtheinner-racebemingtemperaturesdecreasedwithincreas-
ingoilflow;therateofchangeofbearingtemperaturewithoilflow
atlsodecreased~th increasi~oilflow.As infigure3,fora specific
oilflow,bearingtemperaturegeneraJJyincreasedwithincreasing
viscosityatallflows.

Effectofoilflowonoiloutlettemperatures.- Theeffectofoil
flowontheoiloutlettemperaturesofdeflectedoilandtransmittedoil
wasdeterminedata DN of 1.2x106,a loadof368pounds,&d oiliulet
temperaturesof100°and205°F. Theeffectofoilviscosityon deflected-
oiloutlettemperaturesovertheflowrangeinvestigatedwasslightbecause
oftherelati’yel.yshorttimethatthedeflectedoilwasincontactwith
thebearing.Theeffect,huwever,ofoilviscosityontransmitted-oil
outlettemperatureswasgreaterbecausethetransmittedoilwasinmore
intimatecontactwiththebearing,forlongertimeintervalsandbecause
of churningeffects.

.

.——.. -. .—. .
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. Thegeneraltrendofincreasingoiloutlettemperatureswith !
increasingoilviscosityholdsthroughouttherangeofoilflow%
investigated(fig.7).

Effectofoilflowontheratioof deflectedflowtotransmitted
flow.- Theeffectofoilflowontheratioof deflectedflowtotrans-
=ed flowwasdeterminedata loadof368pounds,a DNvalueof
1.2fi06,andoilinlettemperaturesof100°.and2050F(fig.8). Fig-
ure8 showsthat,ingeneral,theratioofdeflectedflowtotransmitted
flowdecreasedwithincreasingoilflow.

Effectofdeflectedandtransmittedflowsonbeeringtemperature
andoutlettemperaturesofthedeflectedandtransmittedoil.- The”inter-
reIationofdeflected-oilflow,transmitted-oilflow,outlettemperatures
ofdeflectedand-transmitteddil,andbearingouter-race-maximumtemper-
aturewasdeterminedata loadof368_pounds,a DN of1.2X106andoil
inlettemperaturesof100oand205°1!(fig.9). Thefourplotsof
figure9(a)formanintegralunit,as dothoseoffigure9(b),andmust
beusedtogether;

Theplotsoffigure9(a)and(b)arevaluablebecausetheyenable
oneto determinetheoilflowsandconsequentoiloutlettemperatures
whichmaintaineda constantbearingouter-race-maximumtemperature
regardlessofwhich‘ofthefiveoilswasusedasa lubricantandcoolant.
Figure9 was usedforanalysispurposesinthatthe”titaonpower
rejectedtotheoilandonpo,werabsorbedinchurningtheoilwere
obtainedfromthisfigure.,

~ ANALYSISOFEXPERIMENTALRESULTS

Explanationsofallphenomenaobservedwe unavailableatthis
time;thefollowingdiscussionmay,however,leadto a betterunder-
standingoftheresultsobtained.

Viscosity .w

Effectofviscosityonbearingoperatingtemperature.- Lubrication
withan oilofhighviscosityhastheeffectofincreasingtheoperating
temperatureofa besringofthetypeinvestigatedwhenload,DNValue,
andoilflowarekeptconstaut.5e effectoftiscosityontheouter-o
race-maximumtemperatureata ioadof368pounds,a DN valueof1.2KL06,
oilinlettemperaturesof 100°and205°F, andoilflowsof 3.1,5.9,
and8.8wunds perminuteis shownin-figure10 (dataobtainedfrom
figs.2 and6). Oilflowandoilinlettemperaturehada negligible
effecton thefunctionalrelationbetweenbearingtemperatureandoil
viscosity.

. ..- --.— .—..-.-. .--— --—-— .. - .. .. -— . .
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Thereappeartobe twobasiccausesofthehigheroperatingtem-
peraturesthatresultedfromtheuseofhighviscosityoils.Thefirst
oftheseinvolvesheattransferby conductionbetweenthebearingand
thecoolant.Thefilmcoefficientofheattransferisa functionofthe
oilviscosity(references7,9,andl.1)amongothervariables;this
coefficientdecreaseswithincreasingoilviscosity.Thesecondcause
ofhigherbearingtemperaturesoriginatesintheoilitseU?,thatis,
theshearingoftheoilwithinthebearing.Thepowerrequiredto shear
theoilincreasesdirectlywithviscosity.At ~@ flowsofthetrans-
mittedoil,thepowerlossesdueto shearingandchurningbecome
appreciablewhenthehighly’viscousoilsareused.

Effectoftiscosityonheatgeneratedinbearing.- At a givenDN
andoilinlettemperature,theoiloutlettemperaturesofboththe
deflectedandthetransmittedoilincreasedwithincreasingviscosity
(fig.4). TMS resultisinterestinginthatitprovesthattheheat
generatedinthebearingincreasedwithincreasingoilviscosity.The
higheroiloutlettemperaturesofthemoreviscousoils(atconstant
total.flow)establishthefactthatthepowerrejectedtotheoil
increasedwithincreasingoilviscosity.This,togetherwiththefact
thatbearingtemperatureswerehigherforthemoreviscousoils(fig.3)
(whichmeanta greaterrateoffieattransf~tothesurroundings),proves
thatheatwasgeneratedat a ratewhichincreasedwithincreasingoil
viscosity.

Effectofviscosi@onoiloutlettemperatures.- Infigure9 itis
shownthatfora constantDN,load,andbearingouter-race-maximumtem-
perature,thedeflected-oiloutlettemperaturedecreasedwithincreasing
oilviscosity,whereasthetransmitted-oiloutlettemperatureincreased.
Theseresultssupporttheargumentpresentedintheanalysisofthe
effectofviscosityonbearingoperatingteuqjerature.Thelower
deflected-oiloutlettemperaturesthatresultedwhenhighviscosityoils
wereusedata constantbearingtemperatureandDN demonstratethatthe
filmcoefficientofheattransferdecreasedwithincreasingoilviscosity.
Thehighertransmitted-oiloutlettemperaturesthatresul.tedwhenthe
highviscosityoilswereusedata constantbearingtemperatureandDN’
demonstratethatheatgeneratedbytheshearingandthechurningofthe
oilwithinthebesri~increasedwithincreaseinoiltiscosity.

Effectofviscosityonpowerrejectedto oil.- Thetotalpower
rejectedtotheoilisplottedasa functionofoiltiscosityfora
loadof368poundsanda DN of 1.~06 infigure11. Twoexamplesare
plotted,onefora beeringouter-race-maximumteqeratureof240°F and
anoilinlettemperatureof100°F, andtheotherfora bearingouter-
race-maximumtemperatureof300°F andan.oilinlettemperatureof205°F.
Datafromfigure-9foroilsA,B,-C,andDwereusedto obtainfigure11.
DataforoilE werenotWed becauseextrapolationwouldhavebeen
required.Themethodusedin calculatingthehorsepowerrejectedtothe
oilisoutlinedinappendixA. Ingeneral,theheatloadonthe

“
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lubricatingsystemtendedto increasewithan increaseinoilviscosity.
In somepresentturbojetengines,lubricantcoolingconstitutesa serious
problem,andtheuseofhigh-viscositylubricantsforthehigh-speed
bearingswouldserveonlyto aggravatetheproblem.Forturboprop
engines,itisdesirableto lubricategearswitha high-viscosity
ltiricant,but to attemptto lubricatebearingswiththissamelubricant
wouldresultinhighbearingoperatingtemperatmes.

InappendixB, a methodof comparingthefiveoilsusedin this
investigationwithrespecttopowerlosses+dueto shearingor ch~ning
is derived.An absolutemeansof calculatingthepowerlossdueto
shearingandchurningcouldnotbe developedinasmuchasbearingfriction
torquewasnotmeasured.Themethodwasappliedtothetwogroupsof
datausedin calculatingtotal.powerrejectedtotheoil. Theresultsof
thecalculationsareplottedinfigure12ashorsepowergeneratedin churn-
ingoil(B,C,D, orE)minusthatgeneratedinchurningoilA againstoil
viscosityattheinlettemperatureforthefollowingconditions:a load
of368pounds,a DN of1.2X106,oilinlettemperaturesof100°and205°l?,
andbearingouter-race-maximumtemperaturesof240°and300°l?.Powerloss
dueto shearingand~hurningwasfop to increasewithincreasingoil
viscosity.Notonlydohigh-viscosityoilscausehigherbearingtempera-
turesbecauseoftheirpoorcoolingproperties,buttheyalsoincreasethe
powerthatmustbe dissipated.

OilFlow

Effectofoilflowonbearingoperatin#temperatie.- Because
be&ingtemperatureishighfora hightiscosityoilat constantoilflow,
a highflowofa high-viscosityoilisrequiredtomaintaina,constant
besringtemperature;thisis showninfigure13fortwocases:a bearing
outer-race-maximumtemperatureof2400F withanoilinlettemperatureof
100°F anda bearingouter-race-maximumtemperatureof300°F ~tithai
oilinlettemperatureof2050F. In eachcase,datafromfigure6 for
oilsA,B, C,andD wereused;useofthedataforoilE wouldhave
requiredtheetirapolationofcurves.Infigures13(a)and13(b),which
areverysimilar,theoilflownecessarytomaintaina constantbearing
temperatureappearstobe a linearfunctionofthelogoftheoiltis-
cosityattheinlettemperaturewithintheviscosityrangeinvestigated.

DN andOilFlow-

EffectofDN andoilflowonratioofdeflectedflowtotransmitted
flow. - TheeffectsofDN andoilflowon theratioofdeflectedflowto
transmittedflowarecloBelyrelatedandarethereforediscussedand
analyzedtogether.

.. .. . .–. . . . —.. —..— ..--——..- .—.. .——.— . . . _ -.. —.__. -————_— ..__. - —. —. . ..——.



10 NACATN 2636

Physicalreasoningrevealsthattheratioofdeflectedflowto
transmittedflowwillbe a functionoftheangle 6’ (fig.14)between
theaxisofrotationandthevector~ /

(1)‘‘

where

V. oil-velocityvector “

ii unitvectorin-directionofaxisofrotation ,

z rotational-velocityvector
,,

G radiusvectordrawnfromanypointon@s ofrotationtopoint
.onbearingwhereoiljetstrikes

Iftheoiljetisdirectedatthe’cage-locatingsurface,theratioof
deflectedfluwto transmittedflowwillbe a functionalsoofthe
clearancebetweenthecage-locatingsurfaceandtheimer raceatthe
pointof impingement.Theclearanceisa complexfunctionofDN
andcontinuouslyvaryingcageloadssothatitseffecton theratio
of deflectedflowtotransmittedflowvsrieswithtimeandisextremely
difficultto determine.

Thisanalysisreveals(asdidtheanalysesofreferences7 and9)
thattheratioof deflectedflowtotransmittedflowvariesinversel~ .
withcose andshouldthereforeincreasewithincreasingDN anddecrease
withincreasingoilflowwhileotherfactorsareheldconstant.The
validityoftheanalysisis confirmedby figures5 and8. Theone
exceptiontotheruleoccursintheDN curveforoilE atan oilinlet
temperatureof100°F (seefig.5(a)).Thecauseofthisdeviation
cannotbe statedspecifically.

At therelativelylowoilflows,thefactthattheratioof deflected
flowto transmittedflowincreaseswithincreasingDNmayconstitute
a disadvantageas regardscoolingefficiencybecauseatlowtransmitted-
oilflowsthepowerlossandconsequentbearing-temperaturerisecaused
by oilchurningmaynotbe si@ficantcomparedwiththecoolingeffec-
tivenessoftheoilwhichtravelsthrou@’thebearing.~wever,at
veryhightransmitted-oilflows(suchasmightbe obtainedby partly
submergingthebearingandforcingalloilthroughthebearing)the
reversemaypssiblyb’etrue. Inreference2,theoperatingtempera-
tureofrollerbearingsrunningina ~ol ofoilisreprtedtohave
increasedastheoillevelwasraisedtothelevelof thetopof the
lowestroller.

.

.
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OilInletTemperature

Effectofoilinlettemperature‘onpowerrejectedto oil.- Calcu-
lationsweremadeto determinetheeffectofoilinlettemperatureon
thepowerrejectedtotheoilata constantbearingtemperature,DN and
load.Theavailabledatagmdeitpossibletomakejusttwocalculations
foroilsB, C,D, andE withoutextrapolatingthecurvesoffigure9to
anygreatextent.Theresultsofthecalculatioris,shownintableIII,
demonstratethatfora constantbearingtemperature,thetotalpower
rejectedto theoildecreasedslightlywithincreasingoilinlettemper-
ature.Foreachoil,thepowerrejectedtothedeflectedoildecreased
whereas,thepowerrejectedtothetransmittedoilincreasedwithincreasi-
ng oilinlettemperature. .,

Therearetwopossibleexplanationsforthedecreaseintotal
measuredpowerrejectedtotheoil: either.thechurninglossesare
loweratthehigheroilinlettemperature,orthecoefficientsofheat
transferinvolvedinthetransferofheattothesurroundingsare
influencedbyoilinlettemperature.Thefirstexplanationappears
implausiblewhenitisnotedthattheratiooftransmittedoilflowat
205°F tothatat100°F wasashighas 87 (oilB, tableIII).The
increaseinheatgenerationdueto the”highertransmitted~oilflowwre “
thanoffsetthedecreaseinheatgenerationduetothelowerviscosity
at 205°F. Itmaybe concluded,then,thattheheat-transfercoefficients
areinfluencedby oilinlettemperature.

ForalloilsexceptoilE (tableIII),highoilflowswererequired
athighoilinlettemperaturestomaintaina constantbearingtemperature.
However,theveryhighviscosityofoilE at100°F evidentlycaused

. churninglosseswhichproducedtheveryhighbearingtemperature.

Theforegoingresultsandanalysisleadtotwogeneralconclusions
regardingbearingtemperatureapdoilsystemheatload:Forminimum
bearingtemperature(withDN,load,oilfluw,andoilinlettemperature’
constant),theuseofa low-viscosity,lowtiscosity-indexoilis
recommended.Forminimumpowerrejectiontotheoilata constantbear-
ingtemperature,a low-viscosityoilintroducedata highinlettempera-
tureisrecommended.

Cooling-CorrelationTheory

A cooling-correlationanalysis,whichresultedinthedevelopment
of cooling-correlationcurvesforbothinner-raceandouter-racetemper-
atures,ispresentedinreferences7 and9.

Thegeneralequationdevelopedis

(2)

.

. ... ... . .... . . . . . . .. .. ——--—.- . .... . ...--.—. —. .—.—- ~. .—.. .—...—————— . . .. —--- . - .
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JIYomthisrelation,theinner-raceeqktionobtainedis

theouter-raceequationis

‘OR-TOI
()
#“5 ~~070“36

(DI?)1”2=B2~

where

B1 and B2 constants

d oil-jetdiameter(in)

M oilflow(lb/tin)

(3)

(4)

\

AT differencebetweenbearingtemperatureandoilinlet
temperature

Tm innerracetemperature(OF)

’01 oilinlettemperalnre(%’)

%R outerracetemperature(OF)

M oilviscosityat inlettemperature(lb-sec/in2)

Inreferences7 and9,theeffectsof d and TO1 arethoroughly
investigated.Thesevariableswerefo~dto correlatewell”withthe
theory.Thestudyofviscosityisincomplete,however,becauseonly
oneoil(oilC ofthisreport)wasused. Viscositywasvariedfrom
llxl.0-7to 53W.0-7reps (reference7)byvaryingtheoiliulettempera-
tureovertherange100oto 205°F. Theviscositiesofthefiveoils
usedinthepresentinvestigationvariedfrom2M0-7to 47CDU.0-7reyns
attheinlettemperatmesandtheinfluenceoftheseoiIsonthedegree
ofcorrelationisreportedherein.

Inner-racecoolingcorrelation.- Themethodofdeterminingthe
exponentsoftheequationfortheinner-racecoolingcorrelationis
giveninreference-7.Theexponentsusedinthisreferencewerealso
foundtogivethebestcorrelationforthepresentproblem.Thefinal

.

.

cooling-correlationcurvefortheinner-rac’etemperatureispresented
infigure15;thedegreeof correlationisfair. Thesignificanceof

‘—-- —..-. ———.
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thescatterinfigure15 isillustratedby thedashedlineson either
. sideofthecooling-correlationcurve.Thedashedlinesrepresenta

temperaturevariationof&5°F ata DN of0.735x106.

Forconvenience,thedataarepresentedintwoways:Figure15(a)
istheinner-racecoolingcorrelationcurvewithDN asparameter,and
figure15(b)istheinner-racecoolingcorrelationcurvewithoiltype
asparameter.Examinationofthedegreeof correlationofDN andof
viscositycanthusbemadeindependently.

Theplotsrepresenta usefulmethodofobtaininga firstapproxi-
mationofbearinginner-racetemperatureandofdeterminingtheeffect
ofDN,oilviscosity,oilflow,oilinlettemperature,andoil-jet

lb diameteronbearinginner-racetemperature.Theestimatedrangeof
b applicabilityoftheinner-racecooling-correlationcurve(fig.15)is
n
X asfollows:DN,0.735x106to 1.2X106;oilviscosityatinlettempera-

tures,2X10-7to470X10-7reyns;oilflow,2 to 10poundsperminute
(correspondingto oilinletpressuresdf5 to 400lb/sqin.);oilinlet
temperature,1000 to 205°F; oil-jetdiameter,O.O23to0.129inch;and
load,300to 1100pounds.Eventhoughthesedatawereobtainedata
loadof368pounds,thefinalinner-racecoolingcurvemaybe usedasa
firstapproximationforloadsfromabout300to 1100poundsinasunlchas
iti,sshowninreference8 thattheinner-racebearingtemperature
changesbutslightlyoverthisIoadrange.Pointsfora DN of0.3X106
areshowninfigure15(a)butthedegreeof correlationatttisDN
valueispoor.

.
Fortheconditionsinvestigated,theslopeoftheinner-race ‘

coolingcorrelationcurvewas14.3f10-4.Thisvalueiswithin7.5per-
centofthevalueof 15.4x10-4obtainedinreference7.

Outer-racecoolingcorrelation.- Thefinalcooling-correlation
curvefortheouter-race-maximumtemperatureispresentedinfigure16.
Themethodgiveninreference7 fordeterminingtheexponentswasused
andtheexponentsdeterminedthereinwerealsofoundtogivethebest
correlationforthepresentdata.Thesignificanceofthescatterin
figure16is illustratedbythedashedlineson eithersideofthe
cooling-correlationcurve.Thedashedlinesrepresenta temperature
variationof-&5°F ata DN of0.735x106.

Thedataoffigure16arepresentedina mannersimilsrtothatof
figure15. Again,thedegreeof correlationisfair.Theplotrepresents
a usefulmethodofobtaininga firstapproximationofbearingouter-race-
maximumtemperatureandof deteruiitingtheeffectofDN,oil-jetdiameter,
oilyiscosity,oilinlettemperature,andoilflowonbearingouter-race--
ma’ximumtemperature. \

— - .—.—.—— .—.. . .— —.. .. -—— ————.. .-—. .— . .--. — —. . . .... —_.. . . . .. —..— . ..—
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Theestimatedrangeofapplicabi~tyof.theouter-racecooliW4-

b
correlationcurvefig.16)isthesameas-thatoffigure15. Points
fora DN of0.3X10areshowninfigure16(a)‘butthede~eeof corre-
lationatthisDN ispoor.

FQrtheconditionsinvestigated,theslopeoftheouter-racecooling-
correlationcurvewasfoundtobe 4.3x10-4;thisiswithin3 percentof
the-valueof4.42X10-4obtainedinreference7.

RESULTSANDCONCLUSIONS

Thefollowingresultswereobtainedinan experimentalinvestigation
ofa 75-millimeter-bore(size215)cylindrical-rollercage-typebearing
whichwasoperatedovera rangeofDN values(beeringboreinmu times
shaftspeedinrpm)from0-.3x106to1.2X106andlubricatedby fiveoils
ofvaryingviscositythatwereintroducedthrougha singlejet:.

1. A previouslydevelopedcooling-correlationanalysiswasextended
to includefullytheeffectofvaryingvi8cosityonthevalidityofthe
followingequation:

AT ()~dx zn
~v

(DN)a=

whereAT isthedifferencebetweenthebearingtemperatureandoil
inlettemperature,DN istheproductofthebearingboreinmillimeters
andtheshaftspeedinrpm;B isa constant;d istheoil-jetdiameter
ininches;M istheoilflowinpoundsperminute;and p istheoil
inletviscosityinpoundsecondspersquareinch.Thecorrelationwas
fairovertheviscosityrangefrom2.0KLO-7to470x10-7reynsattheinlet
to thetestbearing.

2. Forbothinner-raceandouter-racetemperatures,thebest
degreeof correlationwasobtainedwiththeexponentspreviously
derivedandthessmevaluesof x wereusedforsimplicity.The
constantsthatapplytothepresentcorre~tionaswe~ astothe
previouscorrelation(exceptinthecaseofB) areasfollows:

Constant
a

B

x

z

n

Innerrace
1.2

14.3xlo-4

0.8

.7

.45

.,
Outerrace

1.2

4.3X1O-4

0.5

.7

.36 ‘

.— .— -————— — —. —.
$

—— . -.
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Thevaluesof B qyeedwiththosepreviouslyobtainedwithin7.5per-
centand3 percent,respectively,fortheinner-raceandtheouter-race
correlationcurves.

3. At a givenDN,load,andoilflowbearingtemperatures
increasedwithincreasingviscosity.A highoilflowofa moreviscous
oilisthereforerequiredtomaintaina constantbearingtemperature.
Therateof increaseofbearingtemperaturewithincreasingDNwas
greaterforan oilofhighviscosityindex.Thelowestbearingtempera-
turesthereforeresultedwhena low-viscosity,lowviscosity-indexoil .
wasused.

4. At a constantbearingtemperature,DN,andload,thepower
rejectedto theoilincreased,withincreasingviscosfty.At a constant
bearingtemperature,DN,andloadwithlubricationby a specificoil,
themeasuredpowerrejectedto.theoildecreasedwithincreasingoilinlet
temperaturewithintherangeinvestigated.Therefore,ata givenbearing
temperature,thepower.rejectedto,theoilwillbe lowestwhentheoil
&scosityislowandtheoilinlettemperaturehigh.!13hisconclusion
maylackgeneralvalidityand,inparticular,maynotbe trueifheat
flowstothebearingfromitssurroundings.

5. Theincreaseinheatloado~theoilsystemwithincreasing
viscosity,at a constantbearingtemperature,wasduemai~ to increased
powerlossescausedbychurningwithinthebearing.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,November5,1951

I .

I

f
!,-’
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APPENDIXA

METEODOF C~G HORS~WER mc~ m3TEEon

Thefold-owingsymbolssreusedinthisappendix:

c specificheat,Btu/(lb)(OF)

q rateofheatrejection,hp

M oilflow,lb/ti’n

% deflected-oilflow,lb/rein

% transmitted-oilflow,l../min

T temperature,%

T01 oilinlettemperature,%

‘Do deflected-oiloutlettemperature,OR

‘To transmitted-oiloutlettemperatureOR

Thebasicequationinvolvedis

whereA is

Eachof
whichvaries
OilCo.Inc.

dq=AMCdT (Al)

a constant.

thefiveoilshasa slightlydifferentspecificheat
withtemperature.However,datapublishedby Socony-Vacuum
showthatthefollmdmgexpressionforthespecificheatof

thefiveoilsisaccuratetowithin1 percent:

c = 0.195+ 0.000478T (A2)

Whenequation(A2)issubstitutedintoequation(Al)andthe
resultingexpressionisintegratedforbothdeflectedoilandtrans-
mittedoil, -

[J-Tm J

‘m

q=AM D (0.195+0.000478T)~+~

1

(0.195+0.000478T)~ “

’01 ’01
L

— -— —— ———.
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.

Evaluationoftheintegralandconversiontohorsepowergives

f

{ .[ 1q = 0.0235~ 0.195(~-Tel)+ 0.000239(~2-To12) +

%[ o.>95(Tm-Tel) 1}+ 0.000239(T~2-To12)

..

4
b

. .

.

3

17
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0 APPENDIXB

——

c

%B
%0
H~

%R

%3

‘RT

M

%

%

T

TB

TD

’01

‘R

BEARINGHEWl!BALANCE

Thefollowi~symboIs are used inthisappentix:

specificheatofoil,Btu/(lb)(%)

heat

heat

heat

heat

heat

heat

generatedduetobearingfriction,Btu/min

generatedin churningoil,Btu/min

removedby deflectedoil,btu/min

removedby radiationto surroundings,Btu/min “

removedby conductionandconvectionto surroundings,Btu/min

removed~ transmittedoil,Btu/min

oilfluw,lb/rein

deflected-oilflow,lb/rein

transmitted-oilflow,lb/rein
.

temperature,%

bearing’temperature,

deflected-oiloutlet

%

temperature,%

oilinlettemperature,%

roomtemperature,OR

Besringheatbalance.- In a specifictimeinterval,
operationofa bearing,theheatgeneratedinthebearing
heatremovedfromthebea,ri~.men

~+~=~S+H~-+~+~T

forequilibrium
tillequalthe

(Bl)

IntheUscussionthatfollows,thefollowing

(1) I$B i,sconstantfora givenDN andload
besring. i

assumptionsme made:

fora specific

. —— —

.



NACATN 2636 19

(2) Thetotalheatlosstothesurroundings(HRS+ H~) iS
constantforgiven~ and TR.

withtheseassumptionsthefollowi&equationstillbe qualitatively
valid:

J‘Ix)
H~=~ cdT (B2)

●

’01

and r‘m
m
‘N

I
‘RT=% . cm (B3)

.

Substitutionofequations(B2)and(B3)intoequation(Bl)yields

%B’ %”%+%+%

,L
.

‘Tm JTm

“ cdr+~ cdT (M)“

’01 ’01

NOWfor TB= 240°F and TO1= 100°F, thefollqwingdatacanbe

obtainedfromfigure9:
I

oil“Deflected-Deflected-oilfiansmitted--Transmitted-oil
oilflow outlettemper-Oilflow outlettempera-
(lb/min) ature(OR) (lb/rein) ture

(~)
! A 2.2 617 ‘ 0.03 662

B 3.35 607.5 .12 675
c 4.75 592”.5 .39 6a3
D 5.05 590 .65 702

Substitutingequation(A2)andtheforegoingdataintoequation(B4)J
andintegratingyieldthefollowingequation:

,- %B + (~)A = (%S) + (~) + 59.7+ 1.5 (B5a) ‘

q-J-Q+ (~)B = (HRS)+-(~) + 75.4+ 6=8 . (B5b)

.- .—— . . - —.— .—— .. —-—--- ———— — —.—... .- .--.—— . . —...——. - - - -
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~ + (%& = (HN) + (~) + 72.6+ 23.6 (B5c)

and
~B + (~)D = (~S) + (H~) + 70.6+ 45.8 ‘(B5d)

Fromequations(B5a)through(B5d)thefollowing
obtained:

(~)B - (HW)A-= 21.0Btu/mi.n

and

= 0.494 horsepower.

(h)c - (HW)A= 35.0Btu/min

= 0.823horsepower.

(~)D - (~)A = 55.2Btu/tin

relationsare
i

(B6a)

(B6b)

(136c) ,

.

●

= 1..30horsepower

In a similarmanner~thefollowihgdatawereobtainedfor
0 F fromfigure9:

TB=300°F
and TO1= 205

Oil Deflected-Deflected-oilTransmitted-Transmitted-oil
oilflow outlettemp’er- Oilflow outlettempera-.
(lb/rein)

.
ature (lb/rein) ture
(%) (%)

A 2.6 701 0..06 729
B 3.8 693 .18 738
c 7.0 680.5 .56 740
D 7.2 675.5 .65 750

~B + (Hm)A= (~) + (~) + 48.8+ 2.o (B7a)

~ -I-(~)B = (HRS)+ (~) + 55.3+ 7.0 (B7b)

~B + (HW)C= (~s) + (~) + 56=0+ 22”3 (B7c)

~B + (~)D = (~S) ‘(~) + ‘*5 + 29”5 (B7d) “

—. —..———— — -——. – .—— —
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(HGO)R

(~)c

(%Q)~

.

.

- (~)A =
a

- “(I+!JA=

- (IQA =

II. 5 Btu/min

0.270 horsepower

27.5Btu/min

0.645horsepower

19.2Btu/min

0.452horsepower
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TABLE1 - VARIATIONm VISCOSITYOFOILSAs

LABORATORYTESTSOFSAMPLESTAKEN

oil Kinemticviscosityat100%
,(centistokes)

~

A
B
c
D
E

IMinimumMean

4.32
10.20
30.83
79.09
357.6r5.0810.29

35.42
79.38
370:9

MBxhlum”

5.38
10.43
40.33
79.67

‘ 388.4

i. .

23

. .

FotmDlx

variation
frommean
(yercent)

14.9
1.36
13.8
.37

4.7

---- --. .–. —..-—--. .— ----— ——.—.-— —— .--- —------ ..-. -— .--—. .-———----- -----
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TABLEII- PBYSICALCHARACTERISTICSOFTESTBEAKIITGa

Besr@ nuder 18

Construction One-piecelmer-
race-ridingcage

Numberofrollers 18

Rollerlength-diameterratio 1

Pitchdismeterofbearing,(in.) - 4,036

Before After

Totalrunningtime,(hr) unknown+86.5

bseverity factor UnMlown+6.28K@

Rollerdiameter;(h.) co.5513 0.5513

Rollerlength,(in.) co.5510 0.5500

Diametralclearancebetween
cage~a roller,(in.) cO.0087 0.006

Axialcleamncebetween
rollerandinner-race
me, (~.) co.002. 0.003

Axialclearancebetween
rollerandcage,(-.) co.006 0.008

Unmountedbearing:
Dismetralclearance,(in.)
Bearing 0.0018 0.0015
Cage .014 .0215
Eccentricity .0001 .0000

Mountedbearing:
Diametralclearance,(in.)
Bearing 0.0004 0.0004
Cage .013 .0205
Eccentricity ------ ------

obtainedasinreference7.

bSummationofproductsofdifferencebetweeneqyl-
libriummaximumbearingtemperature and Ofl
id.et temperatureforeachoperatingcon-
ditionandcorrespondingoperatingthe in
min.atthatparticularcondition.

.

\

.—_

%feasurementsobtainedfromsamplebearing.

—-—-— . . — . ..— — .-
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on

B

—

c

D

.

E

Oil inlet Bearing outer-
tqcp~ture race-~

tenpwature

(%)

-+ 272
-=-i 2’2

*

100 ,

205

103
342

205

TABLE III -FwERmJEmmmom

Flow of Flow of Defl.ected-
defleet-d tranmittd oil outlet

oil oil temperature
(lb/rein) (lb/rein) (w)

8.3 I 0.75 I 213

2,5 0.45 229

Transmi*tl- I Power re.lected.(hm) I

251 I 2.03 I cO.01 ] 2.031

275 I 0.87 I 0.66 I iZ31

260 1.59 0.15 1.74

290 0.97 0.70 1,67

315 I 1.47 I 0.36 I 1.631

324 I 0.76 I 0.64 I1.40I
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300-

203-

100-
90- D\

oilPourpetitFlashIIOillt viscosityAutigenousignition
(w) (%) index temperature

[:)

A <.75 215 83 470
B ‘<-75 3C0 75 m
c -50 310 150 490
D -20 4s0 100 760
E 20 515 98 7&3.

aDet~d inmd.ifieaMmre typeapparatus.- M13
beforeignitionat tempmtzrreindicatedwasunder
2 min.
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